chelatable iron. Combined therapy was well tolerated, but its efficacy could not be proven due to limitations in the animal model.
Introduction
Although iron chelation therapy with deferoxamine (DFO) improves life expectancy in thalassemia major, iron cardiomyopathy remains the leading cause of death [1] . Effective chelation therapy entails both prevention and removal of stored cardiac iron. Even though DFO efficiently clears cardiac iron if administered continuously, its cardiac efficacy diminishes significantly when administered intermittently, even if liver iron levels appear sufficiently regulated [2, 3] . Patient tolerance and compliance with this regime often compromise effective treatment and remain the best predictors of successful therapy [4, 5] . Oral chelators such as deferiprone and deferasirox (DFX) were developed to reduce these tolerance and compliance problems. DFX is a novel, tridentate chelator that is well tolerated in thalassemia major patients. It has a half-life of 14-16 h, leading to excellent suppression of the labile iron pool [6, 7] . Its long half-life makes it not only an excellent potential drug for cardiac iron prophylaxis, but also for cardiac iron extraction. Recent studies have shown that DFX can access and remove cardiac iron in cardiomyocytes, animal models and humans [7] [8] [9] .
Due to its ease of administration, many patients have been switching to DFX since its approval by the Food and Drug Administration. However, while monotherapy at 30 mg/kg places approximately 85% of patients in negative iron balance, some patients remain in positive balance even with doses of 40 mg/kg [10] [11] [12] [13] . Twice or thrice weekly DFO, taken in addition to daily DFX, might rectify this problem while still being acceptable to patients. More importantly, combination therapy may have significant advantages with respect to cardiac iron chelation. Prior in vitro and in vivo studies have shown that combined chelation therapy using deferiprone and DFO results in iron shuttling between the 2 compounds. That is, the smaller, lipophilic deferiprone molecule accesses stubborn cardiac iron stores and carries them to cellular locations accessible to DFO [14, 15] . DFO, with its higher affinity for iron, strips iron from deferiprone, which allows the now iron-free deferiprone to access additional cardiac iron. DFX, although not as permeable as deferiprone, readily enters myocytes and combines with iron [7, 16] . Since DFX has a lower iron affinity than DFO, there is a similar potential for a shuttle mechanism. As a result, some physicians are using combined DFO and DFX for patients that remain in positive iron balance or who are responding slowly to DFX monotherapy. However, there are no published animal or human data on sustained dual DFO/DFX therapy. Thus, the goal of this study was to evaluate the safety and efficacy of combined therapy in a gerbil model of iron overload.
Materials and Methods

Animals
Thirty-two female Mongolian gerbils 8-10 weeks old were obtained from Charles River Laboratories and housed in the Children's Hospital of Los Angeles accredited animal care facility. Iron loading of animals was accomplished by 10 weekly, subcutaneous injections of iron dextran at a dose of 200 mg/kg (Sigma, St. Louis, Mo., USA). Following a 2-week washout period, chelation therapy was initiated in 30 animals (2 animals died unexpectedly during the iron loading).
Chelation Therapy
Animals were divided into 4 treatment groups: control, DFO, DFX and combined DFO/DFX. In order to administer DFO continuously, we used an ex vivo osmotic pump system. A 2-ml AL-ZET osmotic pump was placed in a sealed PBS-filled tube and carried by the gerbils on a rodent jacket (Braintree Scientific, Inc., Braintree, Mass., USA). At room temperature, the pump released 2.5 l of DFO per hour for 28 days via a catheter at a dose of 200 mg/kg/day. During the 3 months of chelation therapy, the pumps were replaced twice. To control for effects of the delivery mechanism, 4 sham-chelated animals were harnessed and cannulated with PBS-filled pumps. DFX was mixed in peanut butter and administered orally via syringe at a daily dose of 100 mg/kg. As a control, 3 sham-chelated animals received plain peanut butter.
Histology and Quantitative Iron Determination
At the end of the chelation therapy, animals were euthanized by CO 2 inhalation according to institution guidelines. Hearts and livers of all animals were harvested and processed for histology and iron assessment. The mid-papillary sections of the hearts (40 mg) and small pieces (80 mg) of the livers were sent for quantitative iron determination (Mayo Medical Laboratories, Rochester, Minn., USA). The rest of the organs were immersion fixed in 10% formalin, paraffin embedded and stained with Prussian blue and hematoxylin and eosin (H&E).
Statistical Analysis
All results are expressed as mean values 8 standard deviations. One-way analysis of variance was used to determine statistical differences among groups. To correct for unequal variance, tests were performed on a log-transformed scale. The mean of each treatment group was compared with the mean value from the control animals using Dunnett's test, which corrects for multiple comparisons. p ! 0.05 was considered significant.
Results
The ex vivo pump systems were able to expel 92.2 8 6.6% of the target dose. Some animals were able to temporarily dislodge their cannulae. Cannulation was also temporarily halted if animals appeared ill. Nine out of 30 animals displayed clinical signs of ill health during the whole experiment. Ill health was defined as weight loss, dehydration, hunched back, ruffled fur or lethargy. These findings were observed in 8 animals receiving DFO, either alone or in combination, and in 1 cannulated, shamchelated animal. Upon diagnosis, backpacks with pumps were removed to allow recovery. On average, DFO gerbils missed 3 days and DFO/DFX gerbils about 5 days of DFO chelation therapy for health concerns. Animals in all 3 treatment groups were slightly lighter than control animals, but this difference reached statistical significance only for DFO-treated animals. Control animals weighed 86.9 8 7.3 g. The body weights of DFX-, DFO/DFX-and DFO-treated animals were 80.5 8 8.1, 80.6 8 4.6 and 79.2 8 5.8 g (p = 0.05), respectively. Total cannulation efficiency was 94.2 8 4.2% and was not statistically different among the groups.
Organ weight, wet-to-dry weight ratio, dry weight iron concentration and organ iron content are displayed in table 1 . Iron loading produces organ hypertrophy in the gerbil [17, 18] . For reference, normal organ weights in agematched gerbils are 333 8 42 mg for the heart and 2.13 8 0.26 g for the liver; they do not vary significantly with age [19] . DFX treatment partially normalized liver and cardiac weights relative to controls: 344 8 31 versus 417 8 60 mg for the heart and 4.38 8 0.67 versus 5.94 8 0.88 g for the liver. The wet-to-dry ratio, cardiac iron concentrations and iron content did not statistically differ among all the groups.
In the liver, there was no statistically significant change among the treatment groups for the wet-to-dry ratio. DFO treatment alone did not lower hepatic iron concentration or content when compared with the control group. DFX removed more than half of the liver iron, comparable with prior studies. However, combined therapy did not produce an additive effect; in fact, organ weight was higher in the combined therapy animals (5.24 8 0.6 vs. 4.37 8 0.67 g for DFX therapy alone).
Cardiac histology was relatively similar among the treatment groups. H&E staining revealed mild to moderate myocardial dense fibers and mild signs of nuclear hypertrophy in the hearts among all the treatment groups ( fig. 1 a, b) . As reported previously, cardiac iron accumulated mainly in the interstitium ( fig. 1 d) . The only chelator-specific findings were rare misshapen nuclei that were only found in 6 out of 8 animals treated with combined therapy ( fig. 1 c) . Misshapen nuclei were not associated with necrosis. In addition, 1 DFO/DFX-treated animal displayed a focal area of necrosis and inflammation in the left ventricle wall (data not shown).
Liver histology is highlighted in figure 1 e-h. DFOtreated and sham-chelated liver histology was similar. In general, there were focal glomular inflammatory infiltrates in areas with masses of hemosiderin ( fig. 1 e) . Prussian blue staining showed increased iron accumulation in hepatocytes, Kupffer cells and infiltrating monocytes ( fig. 1 g) . Heavy iron deposits were observed, in particular around the central veins. DFX and combined treatment caused clear hepatocyte foci devoid of iron ( fig. 1 h ). There were no or little signs of hepatic inflammation. However, cytoplasmic pallor along central veins was prominent in some of the DFX-and DFX/DFO-treated animals ( fig. 1 f) . This phenomenon was also present in 2 control livers.
Discussion
Combination therapy with DFX and DFO is increasingly being used in human studies. The goal of this study was to evaluate the safety and efficacy of this combination in a gerbil model of iron overload.
Efficacy
Our ability to evaluate the efficacy of combined therapy was prevented by the inability of DFO to produce iron chelation detectable beyond the spontaneous iron elimination rate. Gerbils can spontaneously excrete as much as 25% of their stored liver iron in a 4-week period, with detectable iron in both the urine and stool [20] . Large spontaneous iron loss has also been observed in other rodent models of iron overload [21] . If the DFO-chelatable iron is accessible to these vigorous excretion mechanisms, competition may limit the total iron removed. However, the smaller and more lipophilic oral chelators, DFX and Table 1 . Cardiac and hepatic organ iron contents, dry weight iron concentrations, wet-to-dry weight ratio and organ weights deferiprone, likely have greater access to intracellular stores that have rate-limited access to spontaneous elimination mechanisms. The effect of these chelators is more readily detectable above the background iron losses [18] .
If this hypothesis is true, why did DFO produce detectable chelation in several prior studies? One key difference is that iron loading and iron chelation were performed simultaneously rather than sequentially as in the present model. If iron dextran and DFO are coadministered in the subcutaneous space, the chelation kinetics will be quite favorable. Some portion of the extravascular iron dextran will be scavenged by DFO, preventing its macrophage uptake and mobilization to the free iron pool; in effect, it is like administering less iron dextran. . Increased appearance of dense fibers ( a ) and mild levels of nuclear hypertrophy ( b ) were observed in all cardiac samples. Misshapen nuclei were present in some of the combined therapy-treated specimens ( c ). Cardiac iron was mainly found in the interstitium ( d ). Accumulation and distribution of iron in the heart was very similar for all samples. Signs of focal area of inflammation were present in particular in DFO and control livers ( e ). Pallor was increasingly observed in ICL and combined treated livers ( f ). Whereas DFO did not significantly remove hepatic iron ( g ), ICL and combined treatment cleared hepatocytes from
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In contrast, sequential iron loading and chelation produces ample time for the iron dextran to be mobilized from the subcutaneous space before DFO is administered. As a result, DFO must either extract intracellular iron or compete with spontaneous loss mechanisms for circulating non-transferrin-bound iron (NTBI). In addition, other reports of DFO efficacy have used hypertransfused rats where liver iron stores are minimally elevated. Spontaneous iron losses are insignificant at low somatic iron burdens such that DFO competes more favorably for the labile iron pool [22] . The apparent inability of DFO to remove intracellular iron stores, despite being administered continuously, does not imply that DFO does not penetrate these tissues. It simply means that the rate of this process is slower than the spontaneous iron mobilization rate, making it impossible to observe the effect above background losses. This is an unfortunate artifact of rodent models and one that has been underappreciated.
In this trial, cardiac iron reduction with once-daily DFX treatment did not reach statistical significance, comparable with a prior comparison with twice daily dosing, but in contrast to our initial work [18, 23] . Pooling the data from all 3 studies (all had identical loading/unloading protocols) yields a 16% reduction in iron content (p ! 0.001). Thus, the negative observation in this trial simply represents a modest effect size and inadequate statistical power for the group size used.
Although our study is the first report of chronic combined DFX/DFO therapy, Hershko et al. [22] reported single-dose combination therapy in hypertransfused rats. Combined therapy produced additive effects for DFX doses of 25-50 mg/kg [22] . However, DFX dosing at 100-200 mg/kg/day produced identical iron chelation with or without subcutaneous DFO at 200 mg/kg/day, suggesting competition for chelatable iron. The 100 mg/ kg/day DFX dose chosen for this study was based on an earlier dose-response study, where DFX doses of 25-50 mg/kg/day were not distinguishable above the background iron elimination rate [20] . However, 100 mg/kg/ day appears to maximize cardiac and hepatic iron clearance. In gerbils, cardiac iron clearance was about 5% per month, which is consistent with human data where the maximal clearance rate is approximately 3-5% per month [24, 25] .
Safety
In general, combined chelation therapy was well tolerated. Although chelation regimes were very aggressive, no animal died during iron chelation therapy. Single chelation therapy seemed to be better tolerated overall. Six out of 8 combined treated animals got sick during the experiment, compared with 2 DFO animals and 1 sham-chelated animal. Combined therapy caused nuclear irregularity in a few cardiomyocytes; however, the physiological consequences are not known. Similar nuclear changes have been observed in long-term hepatocyte cultures exposed to iron [26] . In the prior study, nuclear morphologic changes were associated with oxidative damage from increased levels of NTBI. In the present work, NTBI levels are likely to be decreased in combined therapy-treated cardiomyocytes; however, it is possible that an increased unbound chelator could have induced oxidative stress [26] . No nuclear changes were seen in our liver samples, but DFX-and DFX/DFOtreated animals showed increased central pallor. The etiology and consequences of this observation are also unknown; they were not associated with necrosis, hepatocellular atrophy, increased tissue water content, or sinusoidal fibrosis.
Limitations
Osmotic pumps offer the benefit of continuous chelator administration; however, there are some limitations associated with their use. Drug delivery via pump is less precise than subcutaneous bolus injections. Since the pump size was too big for subcutaneous insertion, we had to create an ex vivo pump and harness delivery system. Animals did decannulate themselves for an average of 3.8 8 3.5% of the time for the DFO-treated animals and for 5.6 8 2.3% of the time for the DFO/DFX-treated animals. The decannulation time is still favorable compared with DFO dosing in humans. The gerbil DFX and DFO doses used in this study corresponded to 67% of the standard human dose when normalized to body surface area; this dose is appropriate given the lack of ongoing transfusional iron accumulation.
There is no perfect animal model to simulate iron overload in humans. Although the gerbil model of iron overload is well established for evaluating chelation efficiency, its limitations need to be recognized. The distribution patterns and kinetics of heart and liver iron deposition and removal are somewhat different from those found in humans.
In summary, DFX monotherapy at 100 mg/kg/day produced comparable hepatic and cardiac iron chelation as in prior studies. DFO was ineffective either alone or in combination with DFX, presumably because of unfavorable competition with spontaneous iron loss mechanisms. Unfortunately, these findings reflect a funda-mental inadequacy of the animal model and cannot be extrapolated to human subjects. Better characterization of spontaneous iron loss mechanisms in rodents will be necessary to adequately conduct these studies in the future.
